Abstract: Acoustic devices provide nondestructive, remote, automated detection, and monitoring of hidden insect infestations for pest managers, regulators, and researchers. In recent decades, acoustic devices of various kinds have been marketed for field use, and instrumented sample containers in sound-insulated chambers have been developed for commodity inspection. The efficacy of acoustic devices in detecting cryptic insects, estimating population density, and mapping distributions depends on many factors, including the sensor type and frequency range, the substrate structure, the interface between sensor and substrate, the assessment duration, the size and behavior of the insect, and the distance between the insects and the sensors. Considerable success has been achieved in detecting grain and wood insect pests. Microphones are useful sensors for airborne signals, but vibration sensors interface better with signals produced in solid substrates, such as soil, grain, or fibrous plant structures.
. Publications on insect acoustic detection and monitoring per decade (Forrest 1988) , including cicada and cricket calling songs, and they typically contain important information about the species and sex of the sender. Mankin (1994) monitored wing beat sounds to detect swarms of Ochlerotatus taeniorhynchus (Wiedemann) salt marsh mosquitoes, and Lampson et al. (2010) characterized the frequency and temporal patterns of communication vibrations produced by different species ofhemipterans to detect them in cotton fields. Birch L ong ago, insect predators and parasitoids began eavesdropping on communication sounds (Cade 1975, Zuk and Kolluru 1998) as well as feeding and movement sounds and vibrations (Meyhiifer and Casas 1999) to find prey and hosts. Humans were latecomers to eavesdropping, but soon after it became possible to record and produce sound electronically, they began developing potential applications for detection of insect presence or bsence, and for moni- and Menendez (1991) suggested that the female deathwatch beetle, Xestobium rufovillosum (DeGeer), could be detected by vibrating infested timbers with amplified communication taps of calling males, which would elicit responsive taps from the female that are loud enough to be heard by the human ear. Forrest (1988) proposed the use of communication sounds to estimate orthopteran populations in the field. Insect communication sounds also have been used to lure insects into traps (Walker 1988) .
Apart from insects that produce communication signals, many economically important coleopteran adults and larvae and lepidopteran larvae with cryptic behaviors also are candidates for acoustical and vibrational detection and monitoring, especially those that are large and active, sometimes even producing sounds audible to humans, like the red palm weevil, Rhynchophorus ferrugineus (Olivier) and the coconut rhinoceros beetle, Oryctes rhinoceros (L.). The incidental signals that small cryptic insects produce while moving and feeding can be very low in amplitude but still detectable.
Movement and feeding sounds of 4 th instar Sitophilus oryzae (L.) in grain are only 23 dB (Mankin et al. 1996) , for example, where dB is calculated as 20 loglo(PjP ret ), P is the sound pressure and Pret = 20
Pa is the threshold of human hearing. Typical noise levels in a quiet, 35-50 dB office are~4 times (12-27 dB) higher. Acoustic devices with optimized filters and sensors have detected S. oryzae larvae in many different environments, however, as is discussed below.
As the use of acoustic technology for entomological applications began expanding in the 1980s and 1990s, Walker (1996) noted that acoustic methods seemed destined to rapidly replace many of the labor-intensive and less effective detection and monitoring methods then in use. However, while our understanding of insect acoustical and vibrational communication has blossomed in the last decade (Cocroft and Rodriguez 2005 , Drosopoulos and Claridge 2006 , (okl 2008 , Sueur et al. 2008 , Barbero et al. 2009 ), the development and adoption of inexpensive, user-friendly acoustic tools for detection and monitoring of economically important infestations of hidden insects has lagged behind. The delays have resulted partly from limited understanding of acoustic signal attenuation in and across various substrates; from difficulties of interpreting weak insect signals in environments with high background noise; from limited knowledge of the behaviors of the cryptic targeted species that produce the signals; and from the small market for insect detection instrumentation, which limits the capability to take advantage of economies of scale. For example, notably fewer insect acoustic detection devices than electronic stethoscopes are sold yearly. Electronic stethoscopes have been used successfully for insect detection (e.g., Kisternaya and Kozlov 2009 ), but there are many insect detection applications where more optimal sensor-substrate interfacing or higher-gain amplification is required, as is discussed in later sections.
To avoid confusion about acoustics terminology. we note here that several terms used in this report, including "sound;' "vibration;' "signal;' "acoustic;' and "remote;' have taken on multiple meanings in the biological, acoustical, and signal processing literature. The term "signal" will be used primarily in two contexts: either physically as a sound in air or a vibration in a structure, and also mathematically as an amplitude-time waveform. Both sound and vibration waveforms are processed by similar "acoustic" signal processing methods. Frequently, insect-produced signals are detectable both by microphone as sounds and by contact sensors as vibrations, in which case they may be designated simply as "acoustic signals" or "sounds" ). We have avoided using "signal" in the biological sense of American Entomologist. Volume 57, Number 1 transmitting information between or among individuals or groups of organisms. Finally. acoustic detection or monitoring is "remote" in the sense that it typically occurs over distances of tens of centimeters or more, depending on the substrate in which the insect is hidden (Reynolds and Riley 2002) . In many applications, wires or wireless devices transmit the signals from the hidden insect to a central observation station that can be hundreds of meters distant.
In this report, we describe the progress made during the last century in the development of acoustic tools and applications for cryptic insect detection, population estimation, and distribution mapping.
The report is organized into nine sections, the first five of which deal with how acoustic signals are transmitted, sensed, and interpreted in different environments. Three sections deal with applications of acoustic methods in detection, population estimation, and mapping of cryptic insects in different environments. In the final section, we consider the kinds of applications toward which acoustic technology may be directed in the future.
Transmission and Attenuation of Insect Acoustic Signals in and between Stored Products, Wood, and Other Substrates
Acoustic attenuation (the gradual loss of magnitude as an acoustic signal passes through a substrate) is the result of absorption within the substrate, reflections at interfaces, and dilution as the signal enters a larger volume. It can severely limit the distance over which sensors can detect insects reliably (the active space), and it can strongly degrade signals that move across substrate interfaces;
for example, from grain to air, or from a weathered palm frond to a stethoscope head.
In heterogeneous substrates like wood or storage bins of grain or beans, reflection plays a strong role in attenuation, with sound moving a short distance in transfers or reflections from grain to grain, bean to bean, or across wood fibers, while it can move longer distances through air spaces (Guo et al. 2005 , Hickling and Wei 1995 , Hickling et al. 1997a or along a wood fiber. The attenuation coefficient, or rate of signal decay per unit distance, is ca. 2-5 times greater across wood or plant fibers than along them (Robbins et al. 1991 , Scheffrahn et al. 1993 . Termites can be detected 0.8 to 2.2 m from the sensor location along the wood grain, (Lemaster et al. 1997 , Yanase et al. 2000 but only ca. 8 em away across the wood grain (Scheffrahn et al. 1993 ).
The attenuation coefficient increases l,OOO-fold between 500 Hz and 120 KHz in air (Mankin et al. 1996) , and at even greater rates in soil and grain (Mankin et al. 2000) , making both substrates highly effective insulators against high-frequency sound. Wood has a low attenuation coefficient; consequently. ultrasound (i. e., frequencies> 20 kHz) could be detected from termites over active spaces of up to 2.2 m in wood (Scheffrahn et al. 1993 ). Low-frequency sounds from termites and other insects can be detected over active spaces of 180 em, but only over 20 em in soil (Mankin etal. 2002) . Low-frequency sounds produced by infestations of red palm weevil larvae in the crown of a palm tree can be detected easily by sensors positioned 2 m below the crown, and some of the loudest sounds are detectable from 4 m and further below. Because of the significantly lower rate of attenuation at lower frequencies, listeners often focus on lowfrequency signals to increase the active space.
Attenuation and resonances within a substrate alter the spectrum of an insect sound as it passes through a tree, grain, or soil (Vick 1988b , Mankin et al. 2008a . Consequently. the mean spectrum of signals produced by a targeted species is different in different substrates, and it changes with distance from insect position. In addition, many sensors are differentially sensitive to different sound frequencies. All these differences must be taken into account when signals and spectra recorded from different sensors in different environments are compared.
Sound and Vibration Sensors
Some of the first sensors used for acoustic insect detection (Lutz 1924, Emerson and Simpson 1929) were carbon button microphones (Dyer 1997) (Haack eta!. 1988) . Accelerometers are more expensive, but usually better calibrated and more rugged than contact microphones. It is important to note, however, that the choice of sensor depends significantly on the purpose of its use. Farr and Chesmore (2007) found, for example, that piezoelectric sensors were preferable to electret microphones when the primary goal was detection of wood-boring insects because the piezoelectric sensors have greater sensitivity. but due to their greater spectral range, electret microphones were better at distinguishing between insect sounds and background noise. Ultrasonic sensors are of particular utility for detection and monitoring of wood-boring insects. Termites (Fujii et a!. 1990 ) and other wood -boring insects stress and snap wood fibers during movement and feeding activities, which causes the wood fibers to spontaneously emit broad-band acoustic emissions (first characterized by Dornfeld and Kannatey-Asibu 1980) that can be detected by lead-zirconatetitanate (PZT) ceramic-disk (Gautschi 2002 ) and polyvinylidene fluoride (PVDF) film (Yanase et a!. 1998 ) piezoelectric transducers. Lemaster et a!. (1997) determined that the detectability of acoustic emissions from termite infestations depended on the resonant frequencies of the piezoelectric transducers, with transducers that had resonant frequencies near 60 kHz providing the best overall performance for ultrasonic signal detection. The cost and durability of ultrasonic and other piezoelectric transducers vary over a wide range, and large differences also exist in the sensitivity and calibra- 
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The sensor-substrate interface can strongly affect the sensitivity and reliability of vibration measurements. Striibing 2006) .
Minimizing Electrical and Background Noise
Electrical and background noise can be mistaken for insect sounds, and considerable research has been conducted to minimize or filter out interfering signals. Most of the electrical noise problems in field environments are interconnection problems, which can be reduced by placing the amplifier and the analog-to-digital converter as close to the sensor as possible. When many sensors are used, having one amplifier for many sensors is less costly. Shielding the cables connecting sensors to the amplifier, eliminating ground loops, and separating power cables from input/output cables also reduce electrical noise (Macatee, 1995) .
When feasible, acoustically and vibrationally shielded anechoic 1996, 1997b) . Generally. a box-within-a-box construction and sound-absorbent material are used for sound-proofing. Vibration is reduced by suspending the sample container; and by using heavy supporting materials and shock mounts. Electrical noise interference in an industrial environment can be reduced by enclosing the chamber within a copper Faraday cage (Adams eta!. 1954 ).
Another commonly used procedure to reduce background noise is to include reference sensors into the instrumentation to identify periods of back ground sounds or electrical noise (Scheffrahn eta!. 1993 , Pittendrigh eta!. 1997 , Hagstrum eta!. 1996 . Reference sensors also have been used to subtract out signals that appear simultaneously in the test sensors and the external background (Mankin et a!. 2010
Use of Signal Features to Discriminate Target from Nontarget

Species and Other Noise
Although background noise can be reduced substantially. it is rarely eliminated, and identifying and distinguishing low-amplitude
'-' c ., Curac;:ao. In both cases, the sounds are a combined result of insect action with the wood-fiber reaction .
The effect of the wood fibers on the spectra of insect sounds is clearly discernable in Fig. 3 , where the average spectral pattern (Mankin et ai. 2008c) . In both cases, the larvae produced signals that had greater energy than the background at frequencies above the peak frequency of the background noise.
The profile Rf in Fig. 3 is similar to other R.ferrugineus profiles in Mankin et ai. (2008b) recorded from a small potted palm tree and from sugarcane. The primary difference is that the resonant Time (ms) Fig. 2 . Oscillogram, Os, and Spectrogram, Sp, of a 0.13 s period of impulses recorded from a palm containing multiple R. ferrugineus larvae. Darker shading in spectrogram (8 points per spectrum, 90% overlap) indicates higher relative spectrum level. Individual impulses are marked by arrows. Recording and analysis methods were essentially as described in Mankin and Moore (2010) . '-' c .,
and references therein). If enough of the background noise can be shielded, it is possible to use a very simple signal processing system that counts sounds as the number of times the voltage rises above a predetermined threshold level (Webb et ai. 1988a ).
Filtering out frequencies higher or lower than those typically produced by the target species reduces background noise that cannot be eliminated by methods above. Much background noise, for example, frequency of the palm tree trunk is much lower than the resonant frequency of the much smaller potted palm. Such effects of structure size on the resonances observed when recording larval movement and feeding activities are observed most commonly in trees, but we also have observed resonance differences between signals produced in large and small containers of ornamental plants by black vine weevil, Otiorhynchus sulcatus (Fabricius) (Mankin and Fisher 2002) . In a given substrate, stored-product insect larvae can often be distinguished from adults through differences in movement and feeding activities that alter the spectral profiles of the sounds produced in a given substrate. An example is the discrimination of Sitophilus granarius (L.), Tribolium confusum Jacquelin du Val, and Rhyzopertha dominica (E) larvae from each other in grain (Schwab and Degoul 2005) . Because of their large size and distinctive acoustic profiles, red palm weevil larvae have been detected on the basis of spectral features alone with as high as 99% success in field trials (Potamitis et al. 2009 ). Gutierrez et al. (2010) distinguished red palm weevil larvae from other insects in date palms on the basis of spectral features. Adults of different stored-product insect species can be distinguished by differences in their spectral profiles in a given environment. Sitophilus granarius, T.confusum, and R. dominica (E) in grain were distinguished from each other in a study by Schwab and Degoul (2005) . Another distinctive feature oflarval signals is their temporal pattern, which usually contains bursts or groups of impulses separated by intervals less than 250 ms (Mankin et al. 2008c (Mankin et al. , 2009b ). In contrast, background noise often is continuous over periods of several seconds or occurs as isolated impulses rather than bursts. Human ears and automated detection systems are well suited to recognition of these differences in temporal patterns, which are the most reliable indicators of insect presence in environments with high levels of background noise. In trees, Nasutitermes luzonicus Oshima and adult O. rhinoceros were distinguished by a combination of spectral and temporal pattern analyses in a study by Mankin and Moore (2010) . In soil, target species also have been distinguished from nontarget species and background noise by combinations of spectral and temporal pattern analyses (Mankin et al. 2009b ).
Communication sounds of four different orthopteran insects were distinguished by Chesmore (2001) and Chesmore and Ohya (2004) using a feature extraction and classification procedure involving time Insect size and stage strongly affect the amplitude and rate of sound production. Sensors can detectS. oryzae larvae up to 10-15 cm away in grain (Vick et al. 1988a) and Tribolium castaneum (Herbst) adults up to 18.5 cm away (Hagstrum et al. 1991) , for example, but the rates of sounds detected from a small insect close to a sensor may be similar to those detected from a larger insect further away. Adult R. dominica moving on the outside of the grain kernels produced 37 times more sounds than larvae feeding inside the grain (Hagstrum etal.1990 ), and T.castaneum adults produced 80 times more sounds than larvae (Hagstrum et al. 1991) . The rate of sounds produced by S. oryzae larvae ingrain (Pittendrigh etal.1997 , Hickling etal. 2000 and Callosobruchus maculatus (E) larvae in cowpeas, Vigna unguiculata (L.) Walp., (Shade etal.1990 ) increased with ins tar. AdultS. oryzae and T.castaneum are equally detectable in grain and much more readily detected than smaller Cryptolestes ferrugineus (Stephens) or
Oryzaephilus surinamensis L., while the size and detectability of R.
dominica are intermediate (Hagstrum and Flinn 1993) . However, the data collected by acoustic sensors from grain infested with a single species and stage typically provides sampling statistics similar to those estimated from grain samples for R. dominica larvae (Hagstrum et al. 1988) and T.castaneum adults (Hagstrum et al. 1991) . In both of these studies, the rates of insect sounds were highly correlated with the numbers of insects present. In other studies where multiple species and stages of root-feeding insects were present at sampling sites, the relationship between sound rate and the numbers of insects was of relatively weak statistical significance (Mankin et al. 200 I, Mankin and Lapointe 2003, Zhang et al. 2003b ).
Some insects flee and others feign death when disturbed (e.g., Miyatake et al. 2008) , resulting in either positive or negative effects on sound production. Disturbance of fourth-instar S. oryzae by stirring grain may reduce sound production for periods up to 20 min (Mankin et al. 1999) . For termites, however, dropping a 6 g coin three times to simulate disturbance during termite inspection did not reduce detectability significantly (Scheffrahn et al. 1993) , and Hu et al. (2003) demonstrated that the response of termite colonies to 120 and 240 Hz vibration habituates within about 250 s. In the absence of knowledge about specific effects of disturbance, a listener can perform preliminary testing to assess activity with headphones at a location where the targeted species is known to be present and determine whether activity rates increase with time.
Insect sound production increases as the temperature increases from 10 to 25-30°C for adults or immatures of six insect species (Fig. 4) , probably as a result of increases in insect feeding activity.
T. castaneum adult sound production continued to increase up to 40°C. Callosobruchus maculatus larval sound production (Shade et al. 1990 ) decreased above 38°C in cowpeas. Sound production of S. oryzae adults decreased above 30-35°C, and that of R dominica adults began to level off above 30°C. For all species, including Zootermopsis nevadensis (Hagen), activity dropped off steeply as temperatures increased past optimal levels. Incisitermes minor (Hagen) was more active at 60 or 70% relative humidity than at 80 or 90% relative humidity (Indrayani et al. 2007 ). For insect communication among Orthoptera, the sound pulse rate was observed to increase as the temperature increased from 17 to 32°C (Sanborn 2006) . Several studies have investigated the effectiveness of warming insects to increase detectability. Warming grain from 11 or 17°C increased the sound production of S. oryzae larvae feeding inside by as much as 20-to 30-fold (Mankin etaI.1999) .A patent was issued in France for heating grain to increase insect sound production (Mihaly 1973) . Warming cotton bolls also increased sound production by pink bollworm larvae, Pectinophora gossypiella Saunders (Au 1997) .
Effect of Assessment Time on Detectability
Because insects produce sounds of different amplitudes intermittently. increasing the duration of assessment can increase the likelihood that an insect inside the active space of a sensor will produce a detectable signal. Termites, for example, are detected with greater reliability using 5 min compared to 1 min monitoring periods (Scheffrahn 1993). The increased duration also increases the cost of assessment, which results in a trade-off between accuracy and cost.
Under conditions oflow disturbance at temperatures that support activity of the target species, short 30-180 s listening times are suitable for many detection applications. The stored-product insects, R.
dominica, for example, produce feeding sounds in grain 61 % of the time, Sitotroga cerealella (Olivier) 71 % of the time, and S. oryzae 90% of the time (Vick et al. 1988b) , and sampling durations of 180 s usually will include at least one period of activity. Increasing the duration of monitoring of a sensor can be equivalent to increasing the number or size of grain samples. Increasing the frequency of monitoring of a sensor increased detection of T. castaneum by 60-80% as much as adding the same number of sensors (Hagstrum et al. 1991) . In general, however; it is less costly to increase the sampling duration than the number of sensors. Stored grain beetle infestation levels (Hagstrum and Flinn 1993) were estimated successfully using eight microphones in a 1 kg sample container and checking each sensor for 10 s, 72 times during a 12 min period. Infestation levels of R. dominica were estimated by probing a sensor into grain and listening for 20 sat 36 locations (Hagstrum et al. 1990 ). Infestation levels of T.castaneum were estimated in small-scale studies with 16 sensors checked 1,080 times per day (Hagstrum et al. 1991) . The number of occurrences of insect sounds in wheat storage bins was correlated with insect density in a study using 140 sensors on 7 cables in grain bins, checking each sensor for 10 s 27 times per day (Hag strum etal. 1996) . Insects present in the wheat storage bins included R dominica, T. castaneum, and S. oryzae. Acoustic assessments of presence or absence of sugarcane pests could be conducted in 3-5 min periods per sampled position in a sugarcane field, and this was faster than the 10-12 min required to dig up and inspect a sugarcane root system sample (Mankin et al. 2009b ).
When the behavior of the cryptic insect or the acoustic properties of the substrate are not well characterized, shortassessmentperiods can lead to high rates of false negatives if the targeted insects cease activity when disturbed; consequently, it is safest to perform at least a few tests over a 10-20 min listening period to determine whether the activity increases with time after the waveguide is inserted into the substrate. Long sampling periods can be helpful also in identifying specific sounds and temporal patterns that discriminate background noise from sounds produced by the targeted species. Conversely. when the substrate strongly attenuates acoustic signals or the insect produces very weak signals, it may be preferable to sample multiple sites rapidly in potential areas of insect presence to determine the best positions from which to detect an infestation. In recent studies of red palm weevil infestations in Curac;:ao, for example, it was advantageous to sample at multiple locations at different positions along the trunks of palm trees. In~20 min sampling periods at each tree, it was determined that sounds of many different spectral and temporal patterns could be detected from larvae near the center of infestation, but further away. high-frequency signal attenuation reduced detectability primarily to the fiber-snapping activities that had the highest amplitude and greatest bandwidth. The red palm weevil larvae were not significantly disturbed by insertions of the sensor waveguides into the trunk. (Table 2) , 28 wood-or stem-infesting insect species (Table 3) , 13 root-feeding insect species (Table 4) , and 4 fruit-infesting insect species (Table   5 ). Species from 21 families and 5 orders have been investigated. Three of the above species and stages were studied using geophone, The grain pests S. oryzae and R. dominica were the two most frequently investigated species. Two invasive, quarantined species also have been investigated frequently: the termite Coptotermes Spangler 1985 Andrieu and Fleurat-Lessard 1990 Street 1971 Shade et al. 1990 Hanson 1993 Street 1971 , Zakladnoi and Ratanova 1986 , Fleurat-Lessard 1988 , Hagstrum and Flinn 1993 , Hagstrum et al. 1996 , Mankin et al. 1997a Vick et al. 1988b Hagstrum et al. 1988 Hagstrum et al. 1990 Fleurat-Lessard et al. 1994 Schwab and Degoul2005 Bailey and McCabe 1965 , Andrieu and Fleurat-Lessard 1990 , Weinard 1998 Zakladnoi and Ratanova 1986 , Fleurat-Lessard et al. 1994 , Schwab and Degoul2005 Welp 1994 Hagstrum and Flinn 1993 , Hagstrum et al. 1996 , Mankin et al. 1997a Mankin et al. 2010 Adams et al. 1953 , 1954 Mankin et al. 1996 , Vick et al. 1988a ,b Drzewiecki and Shuman 2001 , Hickling et al. 2000 Street 1971 Shuman et a11993, 1997; Mankin et al. 1997b; Weaver et al. 1997 , Weinard 1998 , Mankin et al. 1999 Potamitis et al. 2009 Shade et al. 1990 Pesho 1954 Zakladnoi and Ratanova 1986 , Fleurat-Lessard et al. 1994 Fleurat -Lessard 1988
Andrieu and Fleurat-Lessard 1990
Cross and Thomas 1978 Pittendrigh et al. 1997 Brain 1924 Mori etal.1962 Fleurat -Lessard 1988 Kennedy and Devereau 1994 Vick et al. 1988b Street 1971 , Andrieu and Fleurat-Lessard 1990 , Fleurat-Lessard et al. 1994 , Welp 1994 , Schwab and Degoul2005 Shade et al. 1990 Hagstrum et al. 1991 , 1996 , 1998 Hagstrum and Flinn 1993; Mankin et al. 1997a Zakladnoi and Ratanova 1986 , Schwab and Degoul2005 Zakladnoi and Ratanova 1986 , Hagstrum and Flinn 1993 , Mankin et al. 1997a formosanus Shiraki that has recently been spread from Asia to Africa and the U.S.,and the red palm weevil that has recently spread from Asia to Arabian, European, and Caribbean countries.
Incorporation of Acoustic Methods into Insect Detection Surveys, Population Estimation, and Mapping Applications
Acoustic methods have been applied successfully in surveys for the presence or absence of targeted insect species (Mankin et al. 2009b, Mankin and Moore 2010) , estimations of population density (Hagstrum et al. 1988 (Hagstrum et al. , 1990 (Hagstrum et al. , 1991 (Hagstrum et al. , 1996 , and mappings of insect distributions (Brandhorst-Hubbard et al. 200 I, Mankin et al. 2007 ), but it has been necessary to interpret the acoustic signals carefully because they are affected by many environmental and behavioral factors described in sections above. In determining the feasibility of acoustic technology in a particular environment, it is beneficial to have initial knowledge about the acoustic characteristics of the substrate, the types of behavior that the target species performs to produce sounds, the effects of disturbance on sound production, and the temperature range and time of day of greatest activity.
As discussed above in the section on effects of insect size and behavior on acoustic signal production, the sampling statistics for acoustic detection of single species and stage populations at constant temperatures in the laboratory are often similar to those for grain sampling, and this results in the accuracy of insect density estimates made with a representative sample being similar for the two methods. However, insect density may be more difficult to estimate in natural populations and environments where temperatures vary and different species and stages are present. Even in conventional sampling, considerable attention typically is given to determining the number of insects in a grain sample during grain inspection, but less consideration is given to determining whether the sample is representative of the entire lot of grain being inspected. When estimating the number of insects in a grain sample or continuously monitoring for insects, a representative number of locations need to be sampled to estimate overall insect density in a commercial lot of grain, both for conventional and acoustic inspections. Otherwise, overestimation or underestimations of populations may result. Comparing acoustic estimates with actual counts, acoustic methods overestimated the number of S. oryzae larvae in 6% of grain samples (false positives) and underestimated their numbers in 34% of grain samples (false negatives) in a study by Shuman et al. (1993) . False positives and false negatives both can be reduced using acoustic signatures, spectral profiles, or temporal pattern analyses (see Signal Features section above). In tests with a continuous monitoring device, adult R dominica were identified successfully by their acoustic signatures 73% of the time, with success rates of72% for T.
confusum, 63% for S.granarius, and 61 % for O.surinamensis (Schwab and Degoul 2005) . The percentages for successful identification of larvae were 73% for S. granarius, 58% for S. cerealella, 57% for R.
dominica, and 52% for T.confusum. Typically, prevalence of false positive and negative detections both decrease as insect size increases. False positives are reduced because larger insects tend to produce large numbers of energetic signals with broadband frequency components that are relatively easy to distinguish from low-frequency background noise . False negatives are reduced because larger insects can produce louder signals that carryover longer distances to a sensor.
Small insects are more likely to be detected if they are present at high densities because the sensors are more likely to be placed within the American Entomologist. Volume 57, Number 1 active space of an insect when the insect is present at high densities in the substrate.
Despite the factors above that may increase the need for numbers or durations of samples, acoustic monitoring has important advantages that enable earlier detection than conventional grain sampling, including the detection of internal feeding larvae and the capability of remote continuous surveillance. Because adults sieved from grain samples represent only 2% R dominica and 5% of C.ferrugineus populations, infestations are more likely to be identified iflarvae as well as adults are detected (Perez-Mendoza et al. 2004 ). Automatic continuous monitoring detected insects 3 to 28 d earlier than taking grain samples (Hagstrum et al. 1996) .
For Caribbean fruitflies,Anastrepha suspensa (Loew) in grapefruit at room temperature, acoustic monitoring for 0.5-10 min intervals daily has been found to be a more reliable detection method than cutting fruit open for visual inspection (Calkins and Webb 1988) . Larvae were detected soon after hatch and were detected most readily in mature fruit because they fed more continuously. Continuous acoustic monitoring also was more effective than cutting open cotton bolls for detection of P.gossypiella (Hickling et al. 2000) . Eighty-six percent oflarvae were detected by listening, while only 53% were detected by the conventional method of cutting open and visually inspecting bolls. There were 12% false positives and 4% false negatives using the acoustic method.
The distributions of soil insects have been mapped successfully using acoustic sensors (Brandhorst-Hubbard et al. 2001; Mankin et al. 2001 Mankin et al. , 2007 . Statistically significant associations have been identified between acoustic indicators of infestation likelihood and the measured counts of sound-producing soil invertebrates, and acoustic indicator-based mapping has been used to successfully identify locations needing treatment against white grubs ).
Development and Marketing of Insect Acoustic Detection and Monitoring Devices.
During the last few decades, various types of acoustic devices have been marketed for detection and monitoring of insect populations (Table 6 ), including a sample container in a sound-insulated chamber for laboratory use (Sito Detect, Pest-bin detector, EWDLab) and probe sensors for field use. Probes may be pushed directly into a commodity (Larva sound detector and EWD Portable) or may be attached to a waveguide that is inserted into the substrate or commodity (Pest probe detector; Termite tracker; AED-2000, AED-20 10, and WD60). Marketing has focused on stored grain insects and termites, but recently has been expanded to pink bollworm and red palm weevil. Pallaske (1990) patented the monitoring of the vibration pattern associated with the behavior of wood-boring insects, and Gobernado et al. (2005) received a similar patent for stored grain insects. Hickling etal. (1994 Hickling etal. ( , 1997b Hickling etal. ( , 2000 developed and patented a multisensor box for monitoring pink bollworm, and the Laar WD-60 and other instruments (Siriwardena etal. 2010 ) have been marketed for detection of red palm weevil in date palm orchards.
Some equipment has been developed but not marketed. Webb and Landolt (1984) and Webb et al. (1988a, b) developed equipment for detecting tephritid larva within fruit, Shuman etal. (1993 Shuman etal. ( , 1997 , Mankin et al. (1997a, b) , and Weaver et al. (1997) developed and Vick et al. (1995) patented equipment and software for detecting stored-product insect larvae feeding inside kernels of grain and Shade et al. (1989 and Shade et al. ( , 1990 ) developed and patented equipment for detect- Table 2 38 Mankin et al 2000 Matsuoka et al. 1996 , Indrayani et al. 2003 Noguchi et al. 1991 , Robbins et al. 1991 , Weissling and Thoms 2000 Scheffrahn et al. 1993 Matsuoka et al. 1996 Fujii et al. 1990 Yanaseetal.1998 Yanase et al. 2000 Mori et al. 1962 Brain 1924 Thoms 2000 , Woodrow et al. 2006 Schwarz etal.1935 Farr and Chesmore 2007 , Chesmore and Schofield 2010 Pence et al. 1954 , Lewis et al. 2004 Indrayani et al. 2007 Lemaster et al. 1997 Scheffrahn et al. 1993 Thoms 2000 Farr and Chesmore 2007 Mankin et al. 2008b Mankin and Moore 2010 Mankin et al. 2009a , Mankin and Moore 2010 Scheffrahn et al. 1993 Farr and Chesmore 2007 Scheffrahn et al. 1993 Emerson 1929 De la Rosa et al. 2005 Lemaster et al. 1997
De la Rosa et al. 2008a, b De la Rosa et al. Mankin 2002 Matsuoka et al. 1996 Hetzroni et al. 2004 Gutierrez et al. 2010 Abraham et al. 1966 , AI-Manie and Alkanhal2005, Mankin et al. 2008b , Hussein et al. 2010 , Siriwardena et al2010 Pinhas et al. 2008 , Potamitis et al. 2009 , Sivaraman et al1989 Chesmore and Schofield 2010 Colebrook 1937 , Birch and Menendez 1991 Lemaster et al. 1997 ing several internally feeding stored-product insects. Litzkow et al. (1990) patented the use of a piezoelectric sensor on a probe used by Hagstrum et al. (1988 Hagstrum et al. ( , 1990 to detect insects in stored wheat. The same sensor was used in a flow-through, eight-sensor grain sample container in the laboratory (Hag strum and Flinn 1993) , in grain to monitor insect response to a temperature gradient (Hagstrum et al. 1998 ) and on cables ingrain stored in bins (Hagstrum etal. 1996 ). An advantage of automatic continuous monitoring with sensors in grain is that insects are very mobile, and many will eventually crawl past a sensor. A microphone system was constructed and used to monitor adult population levels in bag storage in Zimbabwe (Kennedy and Devereau 1994) . A phonograph pickup system was developed by A.
T. Davis (Abraham et al. 1966) 
(lsoptera: Termitidae) Hickling et al. 1994 Hickling et al. , 2000 Schneider 1995 a, b. see Table 2 can be used by nontechnical personnel to compare what they are when it is too late to prevent their spread. We note, however, that there are some insects for which acoustic detection methods are not likely to be useful, such as quiescent pupae, sedentary insects that feed on plant juices, small larvae like wireworms or rootworms that weigh less than 3-8 mg (Mankin et a!. 2004) , or insects in fruit that are kept in cold storage, primarily because of low rates of sound production. Acoustic detection methods may greatly enhance the ability of a surveyor to find and quickly dispose of infested material, thereby increasing the likelihood of a successful eradication program. Acoustic detection systems may be useful in commodity preclearance programs, where an importer would use a system to cull infested material before the product is shipped to another country. In addition, acoustic devices would greatly aid nursery and landscape managers dealing with pests such as red palm weevil (Potamitis et a!. 2009) Sito Detect Pest-probe detector Pest-bin detector Larven Lausher volumes need to be sampled for insects economically. Acoustic methods for these commodities were developed initially for regulatory or food safety agencies, but these methods could be even more important to the industries being regulated. Acoustic methods for detecting and monitoring insect pests also may be useful for turf and packaged, processed commodities.
A full assessment of costs and benefits of acoustic methods is beyond the scope of this report, partly because the costs and benefits are changing rapidly. and partly because no citable studies on the subject have been published. Although they are ultimately important concerns, cost and benefit ratios are not yet the primary issue driving acoustic methods into commercial use. Arguably, the unique capabilities of acoustic methods for automatic, continuous, non-destructive, remote monitoring and detection of hidden infestations are currently the main drivers for acoustic insect detection development. Niche applications already exist where benefits of sensitive, rapid detection justify the costs of instrumentation and signal analysis, and the costs will continue to decline.
Finally. apart from the economic benefits, there are many research questions that can best be answered by using acoustic technology. The feeding and movement activities of internal tree-feeding or subterranean larvae, for example, cannot be studied easily in a nondestructive manner without the use of acoustic methods, X-ray tomography, or similar technology (Johnson et al. 2007 ).
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